An incubation study was conducted for two months to evaluate the effects of different treatments on the inorganic P fractions and other chemical properties on an acidic soil. Four rates of lime and wood ash (3.5, 7.0, 9.2, 11.2 tons CaCO 3 equivalent ha , respectively. The maximum increment in Olsen P by 132%, aluminum bound P (Al-P) by 160%, iron bound P (Fe-P) by 22% and oxalate extractable P (P ox ) by 33% were observed by the application of mineral P at 130 kg P ha -1 plus wood ash (7.0 tons CaCO 3 ha -1 ). Therefore, lime and wood ash applications in acidic soils can effectively ameliorate H + and Al 3+ toxicity and P deficiency.
INTRODUCTION
Acid soils limit crop production on 30 to 40% of the world's cultivated land and up to 70% of the world's potentially arable land (Haug, 1983) . Different reports have also indicated that there is significant soil acidity coverage in Ethiopia (Wassie and Shiferaw, 2009) . Hence, it is a serious threat to crop production in most *Corresponding author. E-mail: asmaremelese@gmail.com. Tel: +251912630687.
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The two fundamental factors limiting the fertility of acid soils are nutrient deficiencies such as P, Mo, Ca, Mg and K and the presence of phytotoxic substances such as soluble Al and Mn. The low P status of highly weathered acid soils is a particular problem because large amounts of P need to be applied in order to raise concentration of available soil P to an adequate level (Sanchez and Uehara, 1980) . Low P status is partially attributable to continuously negative P balances and partially to inherent soil properties. These soils contain large quantities of Al and Fe hydrous oxides which have the ability to adsorb P onto their surfaces. Thus, much of the added P is fixed and is not readily available for crop use (Srivastava et al., 1969; Sharma et al., 1980; Tomar et al., 1984) . Tekalign and Haque (1987) , Lupwayi and Haque (1996) and Shiferaw (2004) indicated that most of the highland soils of Ethiopia are P deficient.
Soil P occurs as inorganic and organic forms and their relative distribution varies with climate, vegetation, parent materials and soil management practices (Fairhurst et al., 1999) . Inorganic P forms are divided into two groups such as active forms which include Al-P, Fe-P and calcium bound P (Ca-P) and inactive forms which include occluded aluminium-iron bound P (occl-Al-Fe-P) and reductant soluble Fe bound P (reds-Fe-P) (Walker and Syers, 1976) . The active inorganic P fractions are the most available forms to plants, with the degree of availability increasing in the order of Ca-P, Fe-P and Al-P under well drained conditions (Walker and Syers, 1976) . Soil drainage condition is one of the factors that affect available soil P. For example, P availability will be higher in flooded soil because the flooding results in reducing conditions which change the previously insoluble ferric phosphate to more soluble ferrous phosphate (Fageria, 2009) .
There are considerable evidence in literature suggesting that application of lime, wood ash, manure and mineral P fertilizers can be used for the control of acidity related problems and P deficiency in acid soils. Liming and application of phosphate fertilizers as organic or inorganic P forms have been suggested for the control of P deficiency problems in acid soils (Opara-Nadi, 1988) .
In acid soils with high levels of exchangeable Al, organic matter (OM) plays a significant role in the reduction of P adsorption and increased P availability due to cumulative effects of several mechanisms (Erich et al., 2002; Opala et al., 2010) . These include release of inorganic P from decaying residues, blockage of P adsorption sites by organic molecules released from the residues, a rise in soil pH and complexation of soluble Al and Fe by organic molecules (Iyamuremye and Dick, 1996) .
Lime and wood ash applications increased pH of acidic soils and resulted in a decrease in P adsorption. This may be due to the increased concentration of hydroxyl ion (OH -) that increase surface negative charge and leading to competition with P ions for adsorption sites and increased P availability (Fageria, 2007; Mweta et al., 2007; Kisinyo et al., 2013) . In addition to its liming effect, wood ash contains P and can be used to alleviate P deficiencies better than lime (Adetunji, 1997; Nkana et al., 2002; Saarsalmi et al., 2006; Awodun et al., 2007; Insam et al., 2009) .
Although much of the Ethiopian highlands have a high potential for crop production, almost no detailed work has been done on effect of different amendments on the status, forms and dynamics of P in the soils. Therefore, the objective of this study was to evaluate the effects of applications of lime, wood ash, manure and mineral P fertilizers on available P, inorganic P forms, oxalate extractable P (P ox ), degree of P saturation and other selected soil chemical properties on acid soil of Farta District, Northwestern Highlands of Ethiopia.
MATERIALS AND METHODS

Description of the study area
The study was conducted in Gassay area of Farta District in South Gondar Zone of the ANRS (Figure 1 ). The District lies between 11° 32' and 12° 03' N latitude and 37° 31' and 38° 43' E longitude, and covers an estimated area of 1118 km 2 within the altitude range of 1900 to 4035 m above sea level (masl). In terms of topography, 45% of the total area is gentle slope, while flat and steep slope lands account for 29 and 26%, respectively.
According to the Regional Office of Planning for Northwestern Ethiopia (1985) , geologically the study area is covered with thick trap series volcanic rocks which were erupted from fissures during the early and middle Tertiary and from Choke Shield volcanic mountain center during the Miocene and Pliocene. The trap volcanic series consists mainly of weathered and jointed basalt. The soils of the study area are developed from the parent materials of volcanic origin, predominantly Tertiary basalt. The majority of the soils in Farta District are Luvisols (FAO, 1981) . The soils of the study area have not been classified according to U.S. Soil Taxonomy, but tentatively many of them are likely to fall in the Alfisols order. Luvisols are potentially suitable for a wide range of agricultural uses because of their favorable physical characteristics and moderate chemical fertility.
Considering land use, an estimated 64.7% of the area is cultivated for different annual and perennial crops, while areas under grazing and/or browsing, forests and shrubs, settlements, and wastelands account for about 10.2, 0.6, 7.8 and 16.7%, respectively. The natural vegetation in the study area consists of some tree species that are remnants of a once dense evergreen forest occurring on slopes and sparse grass complex in various areas. The dominant tree species in the area include Juniperus procera, Olea africana and Hajenia abyssinica. Currently, refilling or replantation strategy is being implemented in the study area (WOARD, 2005) . The rural households are engaged primarily in crop-livestock mixed farming systems. Barley, wheat, teff, sorghum, maize, faba beans, peas and potatoes are dominant crops while chickpeas and some oil crops are also grown.
The average minimum, maximum and mean temperatures are 9.3, 22.3 and 15.8°C, respectively (Figure 2 ). The rainfall pattern is unimodal, stretching from May to September. The mean annual 
Soil sample collection and analysis
A bulk soil sample was taken from the top soil (0 to 20 cm) from the very strong acidic soil of Gassay area in Farta District, Northwestern Highlands of Ethiopia. The soil was air dried, ground and passed through a 2 mm sieve and analyzed for selected chemical and physical properties according to standard laboratory procedures.
Analysis of soil physicochemical properties
Soil particle size distribution was analyzed by the Bouyoucos hydrometer method as described by Day (1965) . Soil bulk density was measured from three undisturbed soil samples collected using a core sampler (2.5 cm radius and 5.0 cm height) as per the procedures described by Jamison et al. (1950) .
Soil pH (1:2.5) was measured potentiometrically in water solutions using a combined glass electrode pH meter (Chopra and Kanwar, 1976) . The potential CEC of the soil was determined from soil samples saturated with NH4 + at pH 7.0, subsequently replaced by K + from a percolated 1 M KCl solution. The excess salt was removed by washing with ethanol and the NH4 + that was displaced by K + was measured using the micro-Kjeldahl procedure (Chapman, 1965) and reported as CEC. Total exchangeable acidity was determined by saturating the soil samples with 1 M KCl solution and titrated with 0.02 M NaOH as described by Rowell (1994) . From the same extract, exchangeable Al in the soil samples was determined by application of 1 M NaF which form a complex with Al and released NaOH and then NaOH was back titrated with a standard solution of 0.02 M HCl.
Total carbon, all assumed to be OC, and total N contents of the soil sample was determined using the Vario MAX elemental analyzer by the dry oxidation method. Available P was determined both by Olsen and Bray I methods. The analysis of P by Olsen method was carried out by shaking the soil samples with 0.5 M NaHCO3 at nearly constant pH of 8.5 in 1:20 of soil to solution ratio for half an hour as described by Olsen et al. (1954) . The Bray I P analysis was carried out by shaking the soil samples with an extracting solution of 0.03 M NH4F in 0.1 M HCl for 1 min as described by Bray and Kurtz (1945) . The inorganic P fractions were successively extracted with 1 M NH4Cl, 0.5 M NH4F, 0.1 M NaOH, 0.25 M H2SO4, 0.3 M Na-dithionite and Na-citrate bicarbonate solution, and 0.1 M NaOH to estimate easily soluble P, Al-P, Fe-P, Ca-P, reds-Fe-P and occl-Al-Fe-P, respectively, according to the procedure by Chang and Jackson (1957) . The oxalate extractable P, Al and Fe (Pox, Alox and Feox) were extracted with 0.05 M ammonium oxalate ((NH4)2C2O4.2H2O, pH 3.3) for two hours in the dark (Niskanen, 1989) . The suspension was centrifuged and filtered through a Whatman No. 42 filter paper to get a clear solution. The extracts were analyzed for P, Al and Fe by inductively coupled plasma optical emission spectroscopy (ICP-OES). Dithionite citrate bicarbonate-extractable Fe and Al (Fed and Ald) were determined by the method of Mehra and Jackson (1960) . The extracts were analyzed for Al and Fe by ICP-OES.
The P sorption capacity (PSC, mmol kg -1 ) of the soil was calculated as the sum of the concentrations of oxalate-extractable metals (Feox and Alox, mmol kg -1 ) according to Hartikainen et al. (2010) as:
The degree of P saturation (DPS, expressed as %) was determined as the percentage of the ratio of the oxalate extractable P (Pox, mmol kg -1 ) to the sorption capacity as follows: DPS was also calculated separately for Alox and Feox as:
Analysis of the composition of manure, wood ash and lime
Total contents of P, Ca, Mg, K, Na, Al and zinc (Zn) in the cow dung manure and wood ash from the wood of Eucalyptus tree were measured in suspensions obtained after ashing at 500°C, dissolution with 0.2 M HCl and digestion on a hot plate. Phosphorus was determined by the vanado-molybdate colorometric procedure using spectrophotometer at 460 ɳm wavelength based on standard laboratory procedure. Calcium, Mg, K, Na, Al and Zn were determined with ICP-OES. The total N contents of the manure and the wood ash samples were determined by the micro-Kjeldhal method as described by Jackson (1967) . The pH and EC of the manure and wood ash were measured in water (sample: water ratio of 1:5) using a pH meter and conductivity meter, respectively. The calcium carbonate equivalents (CCE) of the wood ash and the Dejen lime were determined by dissolving the wood ash and the lime using excess of standard 0.5 M HCl and followed by gentle boiling. After filtration, the excess HCl was back titrated with standard 0.1 M NaOH solution using phenolphthalein as an indicator. From the amount of NaOH used to neutralize the excess acid of the blank and the filtrate, the CCE values of both the wood ash and the lime were calculated.
Incubation study
The incubation study was conducted for two months as described below. The composite soil sample was air dried ground and passed with 2 mm sieve and then 0.5 kg soil was placed in plastic pot and mixed with different treatments in a greenhouse. Four rates of lime and wood ash (3.5, 7.0, 9.2 and 11.2 tons CaCO3 equivalent ha -1 ) were separately applied to obtain target pH values of 5.5, 6.0, 6.5 and a lower pH obtained with half of the lime requirement needed to bring the pH to 5.5. The lime and the wood ash used for this particular study had a CCE of 94.6 and 71.7%, respectively. Hence, the actual field application rates of lime were 0, 3.69, 7.37, 9.69 and 12.22 tons lime ha -1 ; the wood ash rates were 0, 4.88, 9.67, 12.83 and 16.18 tons wood ash ha -1 . The rates of wood ash expressed based on its P content were 61, 121, 159 and 194 kg P ha -1 (23, 46, 61 and 74 mg P kg -1 soil). Three rates of manure P (12.5, 25.0 and 50.0 mg P kg -1 ) or (32.5, 65.0 and 130 kg P ha -1 ), based on its total P content, were applied uniformly to the whole soil volume. The actual field application rates of manure were 3.414, 6.828 and 13.655 tons manure ha -1 . Three rates of mineral P fertilizer (12.5, 25 and 50 mg P kg -1 soil) or (32.5, 65.0 and 130 kg P ha -1 ), as triple superphosphate (TSP), were separately applied uniformly to the whole soil volume. The manure was ground and passed through a 0.25 mm sieve. Wood ash (7 tons CaCO3 ha -1 ) and lime (7 tons CaCO3 ha -1 ) were combined separately with each of the manure P and mineral P fertilizer rates as additional treatments. A control treatment with no soil amendments was used for the incubation experiment. A total of 54 pots were used for the incubation experiment. The experiment was laid down in a completely randomized design with two replications. The units of the treatments were converted into hectare bases by assuming that the plough depth is 20 cm and the bulk density of the soil is 1.3 g cm -3 . All pots were subjected to wetting and drying cycles during the incubation period.
Statistical analysis
Analysis of variance was carried out on the effect of treatments on the inorganic P fractions and selected chemical properties of the soil using the generalized linear model (GLM) procedure of the Statistical Analysis System (SAS) software version 9.00 (SAS Institute, 2004 
RESULTS AND DISCUSSION
Initial soil properties, manure and wood ash compositions
The soil used for the incubation experiment was clayey in texture (Table 1 ). The value of the Olsen extractable P was 7.0 mg kg -1 which was in the low range of P content (Cottenie, 1980) and the pH was 4.88 which was in the very strongly acidic soil reaction range (Jones, 2003) ( Table 1 ). The soil had initially a potential CEC of 25 cmol c kg -1 which qualified the moderate CEC range (Hazelton and Murphy, 2007) . The soil had also relatively high content of exchangeable acidity (2.41 cmol c kg ). The percentage of acid saturation and Al saturation were 9.4 and 6.1%, respectively.
The wood ash had CCE and pH values of 71.7% and 12.3, respectively ( Table 2) . Because of its alkalinity and elevated contents of alkali and alkaline earth elements, wood ash can be utilized to raise the pH of acid soils (Demeyer et al., 2001 ). The wood ash has relatively higher content of total P compared to the manure. Therefore, wood ash could be used as an alternative liming material and source of P for acidic soils. Compared to the wood ash, the manure had higher content of total N. This is because the wood lost its N content by the combustion process as the N in the wood is converted to gaseous products.
Effects of the treatments on pH, exchangeable acidity and Al, CEC and available P
The effects of the treatments on the pH, exchangeable acidity, exchangeable Al and available P were very highly significant (P ≤ 0.001) ( Table 3 ). The soil pH varied from 4.88 to 6.03; exchangeable acidity from 2.22 to 0.12 cmol c kg -1 ; exchangeable Al from 1.28 to 0.06 cmol c kg -1 . The Olsen extractable P of the soil varied from 7 to 16.3 mg kg -1 and the Bray I P from 5.7 to 14.0 mg kg -1 (Table  3 ). The output of the correlation matrix (Table 6) indicated that the pH of the soils was negatively and strongly correlated to the exchangeable acidity (r = 0.91, P ≤ 0.01), exchangeable Al (r = 0.82, P ≤ 0.01) and dithionite citrate bicarbonate extractable Al (r = 0.89, P ≤ 0.01). This result verified that these soil parameters are responsible for the pH change in acid soils. The Olsen extractable P was positively and strongly correlated with Bray I P (r = 0.97, P ≤ 0.01), DPS (r = 0.87, P ≤ 0.01), P ox (r = 0.88, P ≤ 0.01), Al-P (r = 0.95, P ≤ 0.01) and Fe-P (r Means followed by the same letter within a column are not significantly different at P > 0.001; *** = significant at P ≤ 0.001 using the Duncan's multiple range test; ns = non-significant at P > 0.05; CV = coefficient of variation of treatments; Ex. Ac = exchangeable acidity; Ex. Al = exchangeable Al; PAcs = percentage of acid saturation; PAls = percentage of Al saturation.
= 0.90, P ≤ 0.01). This result indicated that Al-P and the Fe-P are the most important sources of easily soluble P which are important for plant growth by supplying P to the soil solution. However, Hartikainen (1982) stated that Al-P has a dominant influence over Fe-P in maintaining P concentration in the soil solution in the first place. The contribution of Fe-P to maintain P concentration in the soil solution can be expected to become source of available P with decreasing Al-P content. The lime and wood ash at each respective application levels had significant (P ≤ 0.001) and similar effects on the soil pH, exchangeable acidity and exchangeable Al (Table 3) . This was because both of the lime and the wood ash were applied based on adjusted CCE to have the same CaCO 3 equivalent. Wood ash could thus be highly effective in neutralizing acidified soils. The strong alkalinity of wood ash indicated that it can be an alternative to lime either by itself or as a mixture of lime and wood ash for the management of acidity.
Both the lime and wood ash contained cations such as Ca 2+ and Mg 2+ to exchange and/or replace H + on the exchange sites and anions such as CO 3 2-and OH -to neutralize the H + released from the exchange sites and hydrolyzing Al species to the soil solution (Fageria, 2007) . The highest lime rate (11.2 tons CaCO 3 ha -1 ) significantly (P ≤ 0.001) increased the pH from 4.89 to 6.03 and reduced both the exchangeable acidity from 2.22 to 0.14 cmol c kg -1 and exchangeable Al from 1.28 to 0.07 cmol c kg -1
. Ayeni et al. (2008) also reported increased soil pH relative to non-ash treated soils. This verified the known truth that applications of liming agents are very effective to alleviate the Al 3+ and H + ions toxicity of acidic soils. The lime rate to raise the pH to 5.5 was highly effective in alleviating Al toxicity problem totally for the soil used for the incubation experiment.
The application of the highest wood ash and lime rates (11.2 tons CaCO 3 ha -1 ) significantly (P ≤ 0.001) increased the Bray I extractable P by 79 and 19% and the Olsen extractable P by 97 and 24%, respectively, over the control. The highest available P content associated with the wood ash treated soil was attributed to the fact that wood ash was a source of P in addition to its liming effect (Table 2 ). An increased available P has been observed previously by the application of ash by different studies (Adetunji, 1997; Nkana et al., 2002; Saarsalmi et al., 2006; Awodun et al., 2007; Insam et al., 2009) .
Manure was more effective in the reduction of exchangeable acidity and exchangeable Al compared to its effect in increasing the pH of the soil (Table 3 ). The reductions in exchangeable Al observed due to application of manure can partially be attributed to its ability to increase the soil pH. This is consistent with other studies (Narambuye and Haynes, 2006; Tang et al., 2007; Opala et al., 2010) which reported an increase in soil pH with a concomitant decrease in exchangeable Al during decomposition of organic residues in soils. An increase in soil pH apparently results in precipitation of exchangeable and soluble Al as insoluble Al hydroxides thus reducing concentration of Al in soil solution.
The application of manure P at 130 kg P ha -1 significantly (P ≤ 0.001) increased the Bray I extractable P and the Olsen extractable P to 9.9 and 11.4 mg kg -1 , respectively. The mineral P fertilizer application had nonsignificant effect on the pH, CEC, exchangeable acidity and exchangeable Al compared to the control. The application of mineral P on acidic soils did not have a significant effect on the pH and exchangeable acidity on acidic soils of western Kenya (Opala et al., 2010) .
However, the effect of mineral P applications on the Bray I extractable and the Olsen extractable P was significantly (P ≤ 0.001) higher than that of the control treatment. The application of mineral P at 130 kg P ha -1 significantly (P ≤ 0.001) increased the Bray I and Olsen P to 10.7 and 11.6 mg kg -1 , respectively. The high available P contents associated with the mineral P treated soils were attributed to the fact that mineral P applied in the form of TSP is a source of soluble P. At the end of the incubation period, the percentage recovery of the applied Melese and Yli-Halla 93 manure P and mineral P as Bray I extractable P varied from 8 to15% and Olsen extractable P from 9 to 16%. A similar result has also been found on the effects of applications of mineral P and manure on the available P contents of acidic soils of western Kenya (Opala et al., 2010) . The application of each manure rate with lime (7.0 tons CaCO 3 ha -1
) and wood ash (7.0 tons CaCO 3 ha -1 ) separately significantly (P ≤ 0.001) increased the pH and reduced the exchangeable acidity compared to the separate application of the manure, lime and wood ash due to the synergetic effect of the manure and the liming materials to reduce exchangeable acidity and exchangeable Al and increase the pH of acidic soil.
Though the application of manure plus lime did not have significant difference in available P compared with separate application of manure, the application of manure P plus wood ash increased available P compared to the separate manure application. Application of 130 kg manure P ha -1 plus wood ash (7.0 tons CaCO 3 ha -1 ) increased the Bray I P by 135, 36 and 43% and Olsen extractable P by 122, 37 and 48% over the control, 130 kg manure P ha -1 and wood ash (7.0 tons CaCO 3 ha -1 ) treatments, respectively, due to the synergetic effects of the manure and wood ash as sources of soluble P to the soil. Both the application of mineral P fertilizer plus lime and wood ash separately (7.0 tons CaCO 3 ha -1 ) had a non significant difference in terms of increasing pH, reducing exchangeable Al and exchangeable acidity compared to the lime and wood ash rate (7.0 tons CaCO 3 ha -1 ). However, the application of mineral P plus wood ash (7.0 tons CaCO 3 ha -1 ) gave the highest available P compared to the combined application of mineral P with lime (7.0 tons CaCO 3 ha -1 ). This is due to the fact that both the mineral P fertilizer and the wood ash were sources of P and made the available P of the incubated soil to be higher. In general, the separate application of the highest manure P and mineral P rates and their combination with 7.0 tons CaCO 3 equivalent ha -1 lime, all the mineral P and manure P rates plus 7.0 tons CaCO 3 equivalent of either lime or wood ash and all the wood ash rates except the lower rate increased the available P content from the lower range to the medium one. None of the treatments had a significant effect on the CEC of the incubated soil compared to the control.
Effects of the treatments on the inorganic P fractions
The forms and distribution of the various inorganic P fractions (Al-P, Fe-P and Ca-P, reds-Fe-P and occl-AlFe-P) of the control treatment used for the incubation experiment are shown in Table 4 . The distributions of the P fractions were in the following orders: Fe-P > reds-Fe-P > occl-Al-Fe-P > Al-P > Ca-P. The Fe-P was the most abundant active P form contributing more than 50% of the active P fractions. The abundance of the Fe-P correlated to the high content of free iron oxides in the soil (Table 5 ). According to Piccolo and Gobena (1986) , the low levels of Ca-P compared to Al-P seem to be a consequence of the weathering process of the soils; soil under well drained conditions resulting in the dissolution of the native Ca-P. The high content of Fe-P and Al-P compared to the Ca-P also indicated the advanced stage of weathering of the soil resulting in the dissolution of native Ca-P in acid soils. The degree of P fixation with Al, Fe and Ca was directly related to the intensity of weathering in that when Al and Fe fixation dominated in the soil system, the soil is highly weathered and vice versa (Piccolo and Gobena, 1986) . Hence, the present soil is highly weathered with high content of Fe-P active inorganic P fraction.
Previous studies on the different Ethiopian surface soils showed that the active inorganic P fractions were found in the order Ca-P > Fe-P > Al-P (Desta, 1982) . Piccolo and Gobena (1986) , working on seven Ethiopian soils found that the relative abundance of the inorganic P forms in the profiles was in the order: Fe-P > Al-P > Ca-P > reds-Fe-P. Wakene and Heluf (2003) working on Nitosol under different land use system such as research, farmers and virgin fields found that Fe-P > Al-P > Ca-P in the research field which received high P fertilizer but the order in the other land use system were Fe-P > Ca-P > Al-P.
The effects of the treatments on the inorganic P fractions are shown in Table 4 . The result indicated that application of different lime rates had an effect on the Al-P and the Fe-P fractions. The highest lime rate (11.2 tons CaCO 3 ha -1 ), significantly (P ≤ 0.001) increased the Al-P from 25 to 39 mg kg -1 and decreased the Fe-P from 157 to 144 mg kg -1 . However, application of lime did not have a significant effect on the value of easily soluble P, Ca-P, occluded Al-Fe-P and reds-Fe-P compared to the control treatment except the highest rate which significantly increased the occl-Al-Fe-P. The increase in the Al-P content of the lime treated soils may be due to the release P content from Fe-P pools.
Application of wood ash significantly (P ≤ 0.001) increased the easily soluble P, Ca-P, Fe-P and occl-AlFe-P fractions. The highest wood ash rate (11.2 tons CaCO 3 ha -1 ) increased the easily soluble P by 389%, Al-P by 132%, Fe-P by 11%, Ca-P by 85% and occl-Al-Fe-P by 16% over the control treatment. This might be due to the phosphate ion released from the wood ash followed by adsorption by the Al and Fe oxides and precipitation as Ca-P. Wood ash did not give significant difference in the value of the reds-Fe-P. In general, wood ash amendment of acid soil was more effective in increasing the value of the active P fractions compared to lime amendment.
It is shown that application of manure P and mineral P fertilizer at 130 kg P ha -1 significantly increased the easily soluble P by 94 and 94%; Al-P by 40 and 54%; Fe-P by 7 and 8% over the control, respectively. However, the manure and mineral P fertilizer application had no significant effect on the Ca-P, occl-Al-Fe-P and reds-Fe-P except the application of 130 kg mineral P ha -1 treatment which increased significantly the occl-Al-Fe-P fraction. This showed that most of the added P was found to be converted into active Al-P and Fe-P. Chang and Jackson (1958) also observed that application of phosphatic fertilizers to acid soils increases the fixation and transformation of added phosphate into Fe-P. In a study by Sharma et al. (1980) on the transformation of P added at 0, 50, 100 and 150 mg kg -1 to three acid soils of Himachal Pradesh and incubated for 1, 7, 30 and 90 days, it was found that most of the added P was transformed into Al-P, Fe-P and very little to Ca-P fraction at one day interval. The added P which was transformed into Al-P increased (69.5 to 77.8 mg kg ) was changed to Ca-P. The effect of mineral P application on the different inorganic P fraction was the same as that of the manure treatment in this particular study. Increase in Al-P evident from manure treatment is because, initially, OM forms complex with P fixing metallic cations and reduces fixation of P in soil. The release of P occurs from the reaction products through anion exchange and during later period, due to degradation of organo-metalic complexes, the released P could be precipitated as Al-P. Hence, the action of organic sources is to delay the process of P fixation temporarily and in the long run it favors the precipitation of reaction product (Tomar et al., 1984) .
The application of each of the mineral P fertilizers plus lime (7.0 tons CaCO 3 ha -1 ) significantly increased only the Al-P and the Ca-P compared to the separate application of mineral P fertilizer. The increase in Ca-P in the application of mineral P plus lime (7.0 tons CaCO 3 ha -1 ) may be due to the fact that lime increased considerably Ca 2+ in the soil, which reacted with added P and caused precipitation as calcium phosphates. The increase in the fixation of added P by Ca due to liming also reported by Amarasiri and Olsen (1973) . The application of each of the manure rates plus lime (7.0 tons CaCO 3 ha -1 ) increased only the Al-P and occl-Al-Fe-P and decreased the Fe-P compared to the separate manure application. On the other hand, the lower value of Ca-P noticed in the application of manure P plus lime (7.0 tons CaCO 3 ha -1 ) compared to combined application of mineral P plus the same lime rate because the manure appears to be more effective to form a complex with Ca and Mg which reduces the chance of the reaction of the P with the Ca. Means followed by the same letter within a column are not significantly different at P > 0.001; *** = significant at P ≤ 0.001 using Duncan's multiple range test; ns = non-significant at P > 0.05; CV = coefficient of variation; Al-P = Al bound P; Fe-P = Fe bound P; Ca-P = Ca bound P; reds-Fe-P = reductant soluble Fe-P; occl-Al-Fe-P = occluded Al-Fe-P.
Similar results were reported by Srivastava et al. (1969) who observed decrease in content of Ca-P and increasein Al-P with the application of farm yard manure and compost. Due to the synergetic effect of the manure and wood ash and mineral P fertilizer and wood ash as a source of phosphate ion to be sorbed by Al, Fe and Ca of the soil, manure plus wood ash (7.0 tons CaCO 3 ha -1
) and mineral P fertilizer with wood ash (7.0 tons CaCO 3 ha -1 ) significantly (P ≤ 0.001) increased the easily soluble P, the active Al-P, Fe-P and Ca-P fractions and the occl-AlFe-P compared to the separate application of manure P, mineral P, wood ash (7.0 tons CaCO 3 ha -1
) and the control treatments. For instance, both the manure and mineral P rates of 130 kg P ha -1 plus wood ash (7.0 tons CaCO 3 ha -1 ) cause a significant increase in easily soluble Means followed by the same letter within a column are not significantly different at P > 0.001; *** = significant at P ≤ 0.001 using Duncan's multiple range test; CV = coefficient of variation; Alox, Feox and Pox = oxalate extractable Al, Fe and P, respectively; Ald and Fed = dithionite citrate bicarbonate extractable Al and Fe, respectively; PSC = P sorption capacity; a and b = DPS of the active Al-P and Fe-P fractions with respect to Alox and Feox, respectively.
P by 248 and 294%; Al-P by 140 and 160%; Fe-P by 19 and 22%; Ca-P by 98 and 88%; occl-Al-Fe-P by 28 and 24%, respectively, compared to the control treatment. The soils used in this study contained free Al and Fe oxides which are responsible for the high contents of occl-Al-Fe-P in the applications of manure P and mineral P rates plus wood ash. The non-significant difference in the reds-Fe-P among the treatments was observed in this study. According to Chang and Jackson (1957) , the redsFe-P is the Fe-oxide precipitate formed on the surface of Fe and Al-oxides during weathering. This may result in slow transformation between the added P and the native reds-Fe-P. However, application of wood ash to soil must be controlled to maximize its benefit and prevent adverse effects on the environment or future fertility/sustainability of the fields to which they are applied.
The result indicted in Table 4 verified that most of the applied P was converted into the active inorganic P fractions in which the percentage of recovery of applied P as Al-P dominated the Fe-P and Ca-P. The effect of application of mineral P fertilizer on the recovery of applied P into the inorganic P fractions such as Al-P and Fe-P was higher than application of manure P. This showed that application of mineral P fertilizers to highly weathered acid soils with high content of Al and Fe oxides and hydroxides resulted in the strong adsorption of the P into Al-P and Fe-P which in turn resulted in the low content of soluble P available to plant growth. The percentage recovery of the applied manure P as Al-P and Fe-P ranged from 17 to 24%, and 10 to 21%, respectively, whereas the percentage recovery of the applied mineral P as Al-P and Fe-P ranged from 26 to 29% and 16 to 24%, respectively. This can be further verified by the result of the lower percentage recovery of the applied P as easily soluble P due to the applications of the treatments. The percentage recoveries of the available P which were extracted by the Bray I and Olsen P methods were ranging from from 7 to 14% and 8 to 15%, respectively. . Therefore, the soil used for the incubation is rich in oxides and hydroxides of Fe. The low pH and high content of the Al and Fe oxides and hydroxides of the soil results in a significant P fixation and precipitation of applied and native P of the soil as Al-P and Fe-P.
Effects of the treatments on the
The data in Table 5 illustrate the difference between the P ox , Al ox , Fe ox , PSC and DPS values of the soils as the result of the treatments used in the incubation experiment. The P ox values of the incubated soils varied from 7.6 to 9.9 mmol kg -1 . The sum of the two oxides (Al ox + Feo x ), an important estimate of the PSC of the soil, was significantly influenced by the application of the treatments. The maximum increment (2.1%) in the value of the PSC was recorded at the application of 130 kg manure P ha -1 plus lime (7.0 tons CaCO 3 ha -1 ) compared to the control treatment. The DPS was significantly influenced by the different treatments used for the incubation. The DPS values varied from 3.4% in the control to 4.5% in 130 kg mineral P ha -1 plus wood ash (7.0 tons CaCO 3 ha -1 ) treatment. Lime application did not have any significant effect on the P ox and DPS values in which the maximum increment in P ox (3.0%) and DPS (5.4%) was observed at the highest lime rate (11.2 tons CaCO 3 ha -1 ) compared to the control treatment but the values increased numerically with increasing the lime levels. The DPS of Al ox is higer than that of Fe ox in all lime treated soils. This may be due to the transfer of the phosphate ion from Fe to Al (Table  4) . Wood ash significantly increased the P ox and DPS value of the soil compared to the control and the lime treated soils. The maximum increment in P ox (19.8%) and DPS (22.0%) was recorded at the highest wood ash rate (11.2 tons CaCO 3 ha -1 ) compared to the control. The high content of P in the wood ash made the P ox and DPS higher than in lime treated soils. This may be due to the fact the P available in the wood ash was immediately fixed by the amorphous Al ox and Fe ox present in the soil which in turn increased the DPS.
Application of manure P, mineral P, manure P with lime, mineral P with lime, manure plus wood ash and mineral P plus wood ash significantly (P ≤ 0.001) increased the values of P ox and DPS values. The maximum increment of P ox (24.9%) and DPS (24.2%) were recorded at the application of 130 kg mineral P ha -1 plus wood ash (7.0 tons CaCO 3 ha -1 ) compared to the control treatment. The DPS with respect to Al ox -P ranged from 0.57 to 1.48% and Fe ox -P ranged from 5.91 to 7.10% where the lowest and the highest DPS were observed at the control and the application of 130 kg mineral P ha -1 plus wood ash (7.0 tons CaCO 3 ha -1 ), respectively. This result showed that more of Fe ox are occupied by P as compared to Al ox . In line with this, the percentage recovery of the applied P as Al-P was greater than Fe-P. This clearly indicated that Al ox had high tendency of P fixation than that of Fe ox . All the treatments resulted in the reduction of the Al d and Fe d compared to the control treatment. The reduction for the value of Al d varied from 0.1 to 7.5% and Fe d from 0.6 to 4.4%.
The reductions in Al ox , Fe ox , Al d and Fe d contents as the result of manure and mineral P application may be due the fixation of Al and Fe in the form of Al-P and Fe-P. Both the amorphous and crystalline Al and Fe are the potential P fixation sites and their role can be explained as follow. Upon hydrolysis, the amorphous and crystalline forms of Al and Fe expose much larger surface area where high affinity for fixation of P takes place on protonated sites. The fixation could also take place by the hydroxyl displacement by H 2 PO 4 -ions from the surface of hydrous oxides of Al and Fe. Similar findings were also made in Kaistha et al. (1997) . The complex formation of Al and Fe by the organic acids produced as the result of mineralization of the manure may compute with the citrate ion to extract Al and Fe. This may result in the reduction of the amount of Fe and Al to be extracted by citrate dithionite bicarbonate.
Conclusion
The result of this study showed that applications of lime and wood ash to obtain a target pH of 6.5 significantly increased the pH of the soil, decreased the exchangeable acidity and exchangeable Al almost equally. However, wood ash performed better in increasing the available P, the easily soluble P, Al-P, Fe-P, P ox , and DPS compared to lime. Application of manure P and mineral P plus lime and wood ash at target pH value of 5.5 performed very well in alleviating acidity related problems compared to the corresponding separate applications. Mineral P application with wood ash gave the highest available P, easily soluble P fraction, P ox , and DPS. Application of manure P plus wood ash also resulted in comparable values.
Applications of manure and other organic residues to soils in the highlands of Ethiopia, where there is acidity and P fixation problems, could result in improved soil and fertilizer P use efficiency by crops partly as a consequence of increasing availability P and pH, reducing exchangeable acidity and Al and supplying N to the soil. Therefore, knowledge of the extent to which applications of wood ash and organic residues to reduce lime and fertilizer P requirement is needed so that integrated soil fertility management programmes can be planned. In line with this, use of wood ash for soil acidity management must be controlled to maximize its benefits and prevent adverse effects on the environment or future fertility/sustainability of the farms to which thay are applied.
